
NASA TN D-50'1 

TECHNICAL NOTE 
0-507 

RADIO TRANSMISSION THROUGH THE PLASMA SHEATH 

AROUND A LIFTING REENTRY VEHICLE 

By Macon C. Ellis, Jr., and Paul W. Huber 

Langley Research Center 
Langley Field, Va. 

(ltASA-T8-D-50 7)  BADIC TR A bS It I S S I C  N T H R O U G H  N89-7 1 G C 8  
P E E ,  P L A S M A  S H k A 3 H  ARCCIC A L I l S l b G  EEEITbY 
V L B I C L E  (&As&. l a n g l e y  R G S E a C C h  Center)  
53 p Uaclas 

00/32 0195036 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

WASHINGTON January 1961 



1w 

L 
1 
0 

; 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-507 

RADIO TRANSMISSION THROUGH THE PLASMA SHEATH 

AROUND A L I F T I N G  REENTRY W H I m  

By Macon C .  E l l i s ,  Jr., and Paul W .  Huber 

SUMMARY 

A review i s  made of the general concepts of radio-signal attenuation 
r e l a t ed  t o  the  plasma sheath around a hypersonic reentry vehicle. 
at tenuation experiments a re  described i n  which telemetry and microwave 
s i g m l s  a re  t.ransmitted through a plasma closely simulating that on a 
l i f t i n g  hypersonic reentry vehicle. 

Plasma- 

Computations a re  made of the plasma conditions about simple-shaped 
bodies f o r  the  case of real-air, hypersonic, viscous flow. The peak 
plasma frequency occurs i n  the shock layer  j u s t  outside the boundary 
layer  f o r  a l l  cases except f o r  sharp-nose bodies at low angle of attack. 
The magnitude of the peak plasma frequency at  a given aft locat ion i s  
strongly dependent upon the bluntness of the body, and i s  dependent t o  
a l e s se r  extent on the location along the  body. The var ia t ion  of peak 
plasma frequency i n  the shock layer a t  an aft  location f o r  various 
l i f t i n g  reentry t r a j ec to r i e s  i s  presented t o  show ef fec ts  of l i f t  
coefficient,  wing loading, a l t i tude,  and velocity.  Plasma col l i s ion  
frequency i s  a l so  shown t o  be much l e s s  than the  plasma frequency during 
the c r i t i c a l  (or maximum plasma frequency) pa r t  of the f l i g h t .  
cluded t h a t  s ignal  frequencies of the order of 10 kmc a re  required t o  
avoid sudden l o s s  of communications during the  c r i t i c a l  pa r t  of a l i f t i n g  
reentry hypersonic vehicle f l i g h t .  

It i s  con- 

A br ie f  discussion i s  given of the  areas of research needed i n  order 
t o  understand the  plasma-attenuation problem b e t t e r  as well as t o  indi-  
cate  the  methods of a l leviat ing t h i s  problem. 

INTRODUCTION 

The problem of transmitt ing radio-frequency s ignals  t o  and from a 
high-alt i tude hypersonic vehicle can be  divided in to  three pa r t s  i f  those 
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components of the system within the  vehicle and on the ground are 
excluded from consideration. These pa r t s  are:  

c 

.. 
1. Propagation of electromagnetic waves through the  atmosphere. 

2. Propagation of electromagnetic waves through the ionized gas o r  
plasma surrounding the  vehicle. 

3. Radiation problems connected with the  antenna coupling with the  
conducting gas. 

The present paper i s  confined t o  part 2, the  plasma-sheath problem, as : 
as the shaded region enclosed by the shock wave about t he  vehicle, and C 

i simply shown i n  figure 1. The plasma sheath is  depicted i n  the  f igure  

a transmitting antenna is  indicated a t  a rearward s t a t ion  on the lower 
surface. 
par t s ,  namely, the determination of plasma conditions about the vehicle 
f o r  given f l i g h t  conditions and the  determination of the e f f ec t s  of t h i s  
plasma on the transmitted signal.  The a b i l i t y  t o  analyze the second of 
these - the  e f fec t  of the  plasma on the  s ignal  - is  i n  much b e t t e r  shape 
than the a b i l i t y  t o  specify the  given plasma conditions, so  t h a t  t he  
prime problems at the  present time appear t o  be aerodynamic and thermo- 
dynamic ones. 
i c a l  approach i n  studying the e f f ec t s  of the plasma on the transmitted 
signal.  
l inear ly  polarized, monochromatic radiat ion,  and t h i s  radiat ion i s  
assumed t o  in te rac t  with a homogeneous plasma i n  thermodynamic equi- 
librium. The primary parameters i n  t h i s  problem are shown i n  the lower 
pa r t  of the  figure,  where, first, the  s ignal  frequency is  obviously the  
independent variable.  Even though the  plasma has no net  charge outside 
some minimum distance ( the  Debye length) within the  plasma, it contains 
f r e e  electrons and there  ex i s t s  a natural  osc i l la t ion  of an average f r ee  
electron a t  the  so-called plasma frequency. The concentration of these 
f r ee  electrons i n  the  gas determines the  plasma frequency 
proportional t o  the square root  of the electron density. The electron- 
col l is ion frequency f, 
age electron col l ides  e l a s t i c a l l y  with a heavier pa r t i c l e  ( ion o r  
neutral) .  
s t a t e  properties of the gas only - f o r  example, temperature and density - 
and once these properties are known f o r  the flow conditions about the 
given vehicle, then fp  and f, are known. The last  parameter shown 

i n  the lower par t  of f igure 1 i s  simply the plasma thickness which the 
wave has t o  negotiate.  

c The plasma-sheath problem can be fur ther  divided in to  two 

However, first a review i s  given of the simplest theoret-  

The electromagnetic-radiation theory u t i l i z e d  is  f o r  plane-wave, 

fp; it i s  

i s  roughly the average number of times an aver- 

It i s  emphasized t h a t  these quant i t ies  are obtained from the 

Various aspects of the fac tors  i n  the plasma-sheath problem have 
been discussed i n  some d e t a i l  i n  references 1 t o  9. After f irst  reviewing 
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the application of the simple plane-wave theory to transmission through 
a plasma, the present paper gives results from experiments designed to 
check this theory. Finally, results of calculations of the plasma con- 
ditions about lifting reentry vehicles are presented and estimates made 
of the transmission frequency required. 
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SYMBOLS 

signal attenuation measured in decibels 

L lift coefficient, - 
-pv 1 2  s 
2 

transmitted signal frequency, kmc 

plasma electron-collision frequency, v/&, kmc 

plasma resonant frequency, kmc 

maximum plasma resonant frequency attained during trajectory, 
kmC 

altitude, ft 

lift, lb 

Mach nurnber 

absolute pressure, atm 

radial distance from center line of body in terms of body 
radius 

wing surface area, sq ft 

temperature, OK 

plasma thickness, ft 

velocity, ft/sec 

wing loading, lb/sq ft 

distances along X- and Y-axes, respectively, ft 
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U 

A 

V 

P 

+1 

longitudinal distance from nose of body in teras of body 
radius 

angle of attack, deg 

wavelength, cm 

electron-collision frequency ( collisions per second), kmc 

mass density, slugs/cu ft 

streamline identification (fig . 7) 

ATTENUATION CONCEPTS RELATED TO RYPERSONIC REEXPRY 

Plane-Wave Theory 

The solution of the plane-wave attenuation equations for the 
transmitted portion of the incident signal is shown in figure 2 in the 
form of attenuation per unit plasma thickness, normalized to the plasma 
frequency, as a function of signal frequency and collision frequency, 
nondimensionalized to the plasma frequency. For the collision-frequency 
parameter fc/fp, low values may be regarded as corresponding to high 
altitudes and high values, to low altitudes. fc/fp = 0.01 
(high altitude) shows a steep or sudden decrease in attenuation as the 
value of f/fp = 1 is exceeded so that for values of f/fp just greater 
than 1, attenuation is negligible. For intermediate values of fc/fp, 
no such sharp decrease in attenuation is indicated and attenuation values 
are moderately high over a large range of f/fp which includes values 
on both sides of f/fp = 1. For high values of fc/fp (low altitudes), 
low attenuation is seen for a still broader range of f'/fp. 
is to be noted that not only does attenuation decrease at high values 
of f/fp, but also it decreases toward low values of f/fp; however, 
in this very low frequency range, atmospheric noise is a problem and 
large antennas may be required. 

The curve for 

Lastly, it 

Attenuation Trajectories 

c 

Figure 3 shows attenuation trajectories of a possible lifting 
vehicle reentering from satellite velocity for one flight path and two 
fixed-frequency transmitters. In understanding this figure, one simple 

b 
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f a c t  needs t o  be known first - the fac t  tha t  the  plasma frequency a t  a 
point on a vehicle during reentry r i s e s  from low values a t  very high 
a l t i t udes  t o  a maximum at  intermediate a l t i tudes  and then decreases 
again t o  low values during the l a t t e r  part of the reentry.  The change 
of attenuation during reentry is  seen by following the arrows. The 
t ra jec tory  conditions a re  as follows: W/S = 27 lb/sq ft, 
and fp,w = 8 h c .  Estimates of plasma conditions throughout the 
t ra jec tory  have been made f o r  an aft location where the antenna i s  
assumed t o  be located. For the 3-kmc case, the s ignal  frequency grea t ly  
exceeds the  plasma frequency for  the i n i t i a l  par t  of the reentry, becomes 
equal (a t  
vehicle increases and f p  increases, and becomes l e s s  than the maximum 
value of fp of 8 lanc at some lower a l t i tude  of the reentry. For t h i s  
case, attenuation is  very high near the loop i n  the curve. As the  reentry 
vehicle proceeds t o  s t i l l  lower al t i tudes and the plasma sheath becomes 
cooler, f is  s t i l l  l e s s  than fp,  but co l l i s ion  frequencies, that is ,  
fc/fp, increase a t  the lower ai t i tudes;  thus, the sign& strer@A i s  
regained more s lowly  thm it yes cut. off. For the  10-kmc case, s ignal  
frequency is  always higher than the plasma frequency and thus low at ten-  
uations a re  seen throughout the reentry. This l a t t e r  case corresponds 
t o  the  lower, r igh t  portion of f igure 2, where other generalized at ten-  
uation curves fo r  intermediate values of  fc / fp  would a l s o  l i e .  

CL = 0.12, 

f / fp  = 1) at some point a s  the gas temperature around the 

PLASMA-A!!TENUATION EXPERlMENTS 

Plasma Production and Diagnosis 

The question at t h i s  point is  the appl icabi l i ty  of the plane-wave 
theory t o  the plasma-sheath problem. For many yews,  physicis ts  have 
used microwave techniques i n  plasma diagnostics; however, most of t h e i r  
cases have been highly specialized and the  phenomena were f a i r l y  well 
known from other observations ( r e f s .  10 t o  12) .  Also, much e f fo r t  has 
been spent i n  diagnosing plasma conditions i n  rocket-exhaust flames. 
In  most of these cases, however, nonequilibrium e f fec t s  leading t o  so- 
cal led "chemi-ionization" have been present t o  conf'use the picture .  
(See r e f .  13 which also contains an excellent review and bibliography. ) 
In the  Langley G a s  Dynamics Branch, a f a i r l y  large flame has been devel- 
oped i n  which nonequilibrium ionization e f f ec t s  are  absent. This flame 
has been used as the  plasma source f o r  studying the electromagnetic- 
wave-plasma interact ion problem i n  a j o in t  program involving also the 
Langley Instrument Research Division. In  t h i s  system, 
cyanogen and oxygen a re  burned t o  produce the primary coIibustion products 
of carbon monoxide and nitrogen at a temperature over 4,000° K a f t e r  

(See r e f .  14. ) 
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cooling losses.  In  this flame, a s ignif icant  ionization of these and , 

simulates cer ta in  l i f t i n g  reentry plasma conditions. 
methods have also been established which allow introduction and mixing 
in to  the flame of vaporized potassium, yielding ionization leve ls  even 
higher than those f o r  gas conditions at the nose of an ICBM. Results 
t o  be discussed here are  only f o r  the  flame without potassium seeding. 
Earl ier  work on the combustion of cyanogen and oqygen and the thermo- 
dynamic properties of cyanogen are  given i n  references 15 t o  23. 

small quantit ies of other products occurs, and t h i s  flame plasma closely - 1  

Apparatus and 

I 
1 Attenuation Results With Cyanogen Flame 

\ Figure 4 shows, at the right, cross sections of the burner chamber 
and nozzle of the apparatus. 

f igure 2, where the  value of 
determined from independent flame temperature measurements. 
ments cover a range of frequencies from 0.2 t o  20 kmc. 
the 20-kmc re su l t  ( A  = 1.5 cm) where the microwave beam is transverse 
t o  the flame as shown i n  the  bottom sketch, the space resolution should 
be good since fo r  t h i s  case the receiving horn llviewsll a small section 
of the flame. The check of the theory i s  good, within the experimental 
sca t te r .  For the 8-kmc case ( A  = 3.75 cm), however, the space resolu- 
t i o n  with t h i s  transverse beam is not as good and edge e f f ec t s  would be 
expected; these results-consequently show poorer agreement with theory. 
For the 9.4-kmc case ( A  = 3.2 cm), but  f o r  a d i f fe ren t  t e s t  configura- 
t i o n  as shown by the middle sketch, the  agreement i s  again sa t i s fac tory  
as might be expected since, f o r  t h i s  case, the waveguide radiator  transmits 
through a nearly f l a t  plasma sheet and edge e f f ec t s  should be minimized. 
For the 0.2-lanc case (A = 137 cm), it might be expected t h a t  near-f ie ld  
e f fec ts  would invalidate the plane-wave theory; however, a surprisingly 
good check is  noted. For t h i s  last case, the rad ia tor  i s  an axisym- 
metric dipole immersed i n  the  flame as shown by the  top sketch. 

(The nozzle is  7.5 an i n  diameter.) 

fc/fp,  f o r  t h i s  case, is 1.5 and w a s  

The 
theoret ical  curve is  from the generalized attenuation calculations i n  c 

The experi- 
With regard t o  

, 

, 

The flame has been used fo r  a d i r ec t  check of the theory f o r  the  
resu l t s  shown in  f igure 4; however, i ts  pr incipal  use i s  t o  a id  i n  the  
study o f  as many other re la ted  problems as possible - f o r  example, 
antenna de ta i l s ,  power loading, radiat ion patterns,  harmonics, polariza- 
t ion,  phase s h i f t ,  and so  for th .  
of fact ,  f o r  a peak power of about 40 kilowatts; thus, it is indicated 
that power loading up t o  this value has not affected the  plasma which i s  
at a possible f l i g h t  condition. 
preliminary r e su l t  since calculations i n  progress by other s taff  members 
i n  the Gas Dynamics Branch are  indicating p o s s i b i l i t i e s  of s ign i f icant  
changes from the assumed equilibrium plasma model f o r  short ,  high-power 
pulses. * 

The r e s u l t  at  9.4 kmc is, as a matter 

This last point should be taken as a 

* 



PLASMA CONDITIONS FOR L I F T I N G  REENTRY 

Although the general appl icabi l i ty  of plane-wave theory has cer- 
t a i n l y  not been proved with f i n a l i t y ,  it can be applied t o  f l i g h t  cases 
with some confidence. The r e l a t ive  magnitudes of plasma frequencies 
fo r  several  reentry f l i g h t  cases are shown i n  f igure 5 .  
frequency i s  shown as a function of velocity fo r  actual t r a j ec to r i e s  
representing two flow extremes. For the i l l u s t r a t i v e  ICBM case, plasma 
conditions have been calculated as those behind a normal shock. Normal- 
shock flow is  cer ta inly not typical  for actual  transmission conditions 
but t h i s  case i s  presented t o  show a m o s t  extreme case. The maximum 
value of f p  is  seen t o  be so high that no transmitter is  available t o  
j u s t  exceed t h i s  frequency and thus t o  avoid intolerable  attenuation. 
The plasma-frequency var ia t ion fo r  a glide t ra jec tory  f o r  normal-shock 
plasma conditions f a l l s  i n  a different  range of fp values from t h a t  
f o r  the I C B M  but i s  pessimistically high. Also, i f  the overly opt imist ic  
essmqtion of f l a t -p l a t e  oblique-shock conditions f o r  the g l ider  i s  made, 
a too low bracketing number w i l l  be gotten. Thus, it can be seen t h a t  
i f  the transmission frequency is t o  exceed the plasm frequency, s ignal  
frequencies somewhere between 1.0 and 60 kmc w i l l  be required. 
problem i s  t o  determine where i n  this broad frequency range a r e a l i s t i c  
case w i l l  l i e .  

The plasma 

The 

Oblique -Sho ck Plasma Conditions 

For the actual vehicle, it is  obviously not possible t o  calculate  
accurately the  flow f i e l d  pertinent t o  the  transmission problem. 
approach i n  the  present paper i s  t o  consider the boundary-layer e f f ec t s  
f i r s t ,  w i t h  the i n i t i a l  assumption of oblique-shock conditions at some 
typica l  s t a t ion  on the lower surface of  the  l i f t i n g  hypersonic vehicle 
as those flow conditions j u s t  outside the boundary layer.  
some jus t i f i ca t ion  of this simplified flow model, since the surface 
pressures f o r  t h i s  case (at  suff ic ient ly  high angles of a t tack)  a re  
about the  same as those obtained by using modified Newtonian theory. 
With some prejudgment of c r i t i c a l  f l i gh t  conditions, a Mach number of 20 
and an a l t i t ude  of 200,000 f e e t  is  selected f o r  the estimate of plasma 
conditions as shown i n  f igure 6. Real-gas conditions fo r  thermodynamic 
equilibrium have been used i n  calculating the flow; then, t h i s  flow w a s  
used as -external conditions fo r  the  boundary-layer calculation. 
gas oblique-shock conditions were calculated with the use of re fer -  
ences 26 t o  31. The laminar-boundary-layer calculations a re  similar, 
compressible solutions made on the  IBM 704 electronic data processing 
machine by a program developed by Ivan E. Beckwith and Nathaniel B. Cohen 
of the Langley Research Center f o r  a r ea l  gas using the correlat ion 
formula f o r  density and transport  properties of equilibrium dissociated 

The 

There appears 

Real- 



air presented in reference 32. 
ent study were for zero pressure gradient. 
was used in the calculation; however, the peak plasma conditions were 
found to be insensitive to variations in wall temperature. The results, 
shown in figure 6 in the form of plasma frequencies as a function of 
and a, indicate that peak plasma frequencies at l o w  values of a are 
the result of heating due to large dissipation at the low external stream 
enthalpies but that at the highest values of 
occur in the outer shock layer. 

A l l  the calculations made for the pres- 
A wall temperature of 2,000' R 

y 

a peak plasma frequencies 

L 
Nose Bluntness Effects I 

0 
4 
8 In the simplified flow model just presented, constant conditions 

in the shock layer have been assumed, and no effects of thickness or 
bluntness were taken into account. The effects of bluntness are extremely 
important and must be recognized since the nose must be blunt in order to 
keep aerodynamic heating rates to acceptable values. 
result from reference 33 of flow-field calculations for a spherical nose- 
cylinder body made by using a characteristics solution with real air in 
thermodynamic equilibrium. The most Fmportant basic fact to note is that, 
as shown by the streamlines in the sketch at the top of the figure, a 
large fraction of the flow in the shock layer has been processed by the 
normal or nearly normal shock at the nose. 
region of high-entropy air (highest at the body) envelopes the body and 
that this must be properly taken into account in calculating the flow. 
In the lower part of figure 7, the pressures p and temperatures T I 

at two downstream stations are shown in the small plots merely to indicate 
the qualitative variations. To be noted is the large temperature increase 
in moving from the shock to the surface of the body. For a two-dimensional 
body with the same cross section, it is obvious that the shock is displaced 
outward and that the absolute thickness of the high-entropy layer will 
be even thicker. Thus, for a thick-wing three-dimensional flight con- 
figuration, the entropy layer will be proportionately thicker than shown 
here. It should be mentioned that two-dimensional perfect-gas character- 
istics solutions made for bodies with "sonic-wedge" noses also exhibit 
the increase in temperature near the surface, but include no real-gas 
effects. In figure 8, one of these two-dimensional solutions has been 
used and certain assumptions have been made to estimate a real-gas case. 
In the case shown in the figure, all the real-gas characteristics soh- 
tions available have been used (including unpublished results obtained 
from Avco Corp. and General Electric Co.) and, together with estimates 
from the perfect-gas solutions, estimates made of the entropy distri- 
bution between the shock and surface, where the surface value is that 
behind a normal shock. 
by the other errors. 
that the peak plasma frequency is about 10 kmc. The viscous boundary . 

Figure 7 shows a * 

I This means that a thick 

The pressures have been assumed to be unaffected c 

The final. result to be seen from figure 8 is 
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layer  is  only about 1/3 foot i n  thickness. 
t r ibu t ion  of the  co l l i s ion  frequency i n  the shock layer. It i s  seen 
that a t  the peak value of fp, fc/fp is a small valu'e. This f a c t  
implies sharp signal cutoff when the signal frequency drops below the 
plasma frequency. 

Figure 9 shows also the  dis- 

Estimates of Plasma Conditions for  

Lift ing Reentry Trajectories 

Possible t r a j ec to r i e s  have been calculated and corresponding peak 
plasma frequencies estimated f o r  a wing loading of 50 lb/sq f t  and fo r  
the  CL values shown i n  figures 10 and 11. For these estimates, 
oblique-shock pressures and normal-shock entropies have been used. It 
is  noted first that the somewhat more elegant estimate of figures 8 and 9 
f o r  20,000 f t / sec  (M k 20) checks the values shown i n  f igure 11 f o r  
CL; = 0.12, t h a t  i s ,  about 10 kmc. The t i cks  on the  fp  curves indicate  
t h a t  a t  ve loc i t ies  higher than these, the value of t he  coll ision- 
frequency parameter fc/fp i s  l e s s  than 0.1; thus, the  plasma frequency 
can be regarded as the  value of transmitted-signal frequency f o r  sharp cut- 
o f f .  The primary r e su l t  t o  be noted i s  that a maximum ex i s t s  and that i t s  
value increases with increasing l i f t  coefficient f o r  a given wing loading. 
The radar bands a t  the r igh t  show that even X-band radar (3.2 cm) w i l l  
be cut off f o r  a range of veloci t ies  around the maximum for  the  higher 
value of CL. Figures 12 and 15 show similar results fo r  a lower wing 
loading of 27 lb/sq f t .  
those i n  f igure 11, and for  these cases it is  seen tha t  X-band frequencies 
w i l l  be transmitted since they are  higher. 
peak plasma frequencies were external t o  the  boundary layer. 

f p  

In figure 13, the maximum values are lower than 

In  a l l  the  cases calculated, 

A t  t h i s  point, an estimate can be m a d e  of the s ignal  frequency 
required f o r  a c r i t i c a l  f l i g h t  condition. 
attenuation i n  decibels as a function of s ignal  frequency. I n  t h i s  f i g -  
ure are shown curves fo r  the combined attenuation e f fec ts  of water vapor 
and oxygen which are integrated values through the  atmosphere for the 
c r i t i c a l  f l i g h t  condition estimated by using reference 34. 
constant plasma frequency of 10 kmc, two plasma thicknesses a re  shown t o  
allow f o r  t he  uncertainty i n  estimation of t he  thickness of t h i s  peak 
plasma frequency region. In both cases, the  signal frequency required 
t o  avoid both plasma attenuation and water-vapor absorption i s  seen t o  
be between 11 and 13 kmc. 

Figure 14 shows s ignal  

For the  
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CONCLUDING REMARKS 

Engineering estimates have been made for certain requirements for 
radio-frequency transmission through the plasma sheath surrounding a 
lifting reentry hypersonic vehicle. First, it appears that the fre- 
quencies required to transmit downward and forward from the vehicle are 
of the order of 10 kmc. For such transmission, sharp leading edges 
would alleviate the magnitude of frequency required but their use is 
obviously precluded from heating considerations. Lastly, it appears 
that rehard locations of the antenna are most favorable. 

In ,regard to more refined estimates of the transmission problem, 
it appeqs that increasing knowledge of gas characteristics, both equi- 
librium and nonequilibrium, makes feasible the effort to improve 
electromagnetic-wave-plasma interaction calculations utilizing more 
complete theory than the plane-wave model; however, inability to speCify 
the plasma conditions accurately remains a deterrent. Although no seri- 
ous doubts exist as to ability to select a frequency that will penetrate 
a given plasma, many detail problems still need study for the complete 
system - that is, high-power microwave-plasma interaction effects (where 
nonequilibrium plasma effects may be relieving factors), antenna break- 
down, antenna patterns, acquisition, and so forth. 

It must not be overlooked that other possibilities exist which may 
alleviate or even eliminate parts of the transmission problem. Place- 
ment of the antenna on the upper surface or rear of the configuration 
deserves serious consideration. For example, it appears possible that 
an antenna for a low-frequency system could be placed on the top surface 
near the rear of the vehicle so that it lllookedll at a receiver obliquely 
through the wake. At some aft location in the wake, the plasma condi- 
tions would allow for transmission of the signal frequency through the 
wake. 
plasma conditions in regard to the radar cross section of wakes of high- 
speed objects. 

Much work is being done at the present time to estimate wake 

(See Avco-Everett Research Report 82. ) 

Consideration of the fact that the downward or forward direction 
of transmission of electromagnetic radiation may be a requirement for 
lifting vehicles, continuing investigations appear necessary for better 
solutions to the problem (other than the use of extreme frequencies). 
Such investigations should include (1) study of methods of quenching 
ionization or increasing electron collisions, (2) study of use of mag- 
netic fields across the plasma, ( 3 )  study of possible systems utilizing 
the plasma as the radiator, and (4) study of use of ablating or con- 
sumable antennas. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Field, Va., Aprik 12, 1960. 
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RADIO TRANSMISSION FROM HYPERSONIC VEHICLE 
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ANTENNA 

PLASMA TRANSMISSIBILITY PARAMETERS 

f SIGNAL FREQUENCY, KMC 
fp PLASMA FREOUENCY, KMC 

fc PLASMA ELECTRON-COLLISION FREOUENCY,KMC 
t PLASMA THICKNESS,FT 

Figure 1 
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PLASMA FREQUENCIES IN REAL SHOCK LAYER FOR 
OBLIQUE SHOCK 
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SHOCK-LAYER GAS CONDITIONS FOR LOWER SURFACE OF 
TWO-DIMENSIONAL SLAB 
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SHOCK-LAYER PLASMA CONDITIONS FOR LOWER SURFACE 

M = 20; a = 1 3 O ;  h = 200,000 FT; x = 25 FT 

OF TWO-DIMENSIONAL SLAB 

.OOl .01 .I I 10 
f, AND fp, KMC 

Figure 9 

t 
-4- 
1.6 FT 



20 

L I FTI NG REE N TRY TRAJECTORIES 
W / S  = 50; X =  25 F T  

ALTITUDE, F T  

+- 

300 -X  I O ~  

250 - 

200 - 

150 
L I  I I I I 

0 5  IO 15 20 
V, FT/SEC 

Figure 10 

MAXIMUM PLASMA FREQUENCIES 
W / S  = 50; x = 25 F T  

RADAR 
.6 BANDS 

X 

cL 
12 

IO 

a .I 2 

KMC C 
- < 0.1 4 

2 S 

fp,611;;; 0 5  IO 15 V, I FT/SEG 20 I 25 I 3 0 x  J L  I I O 3  

c 

Figure 11 

4 



W 
L. 

250 

A LTI T UDE 
FT 

200 

21 

- 

- 

LIFTING REENTRY TRAJECTORIES 
W/S = 27;  X -  2 5  FT 

150L 
L I  I I 1 I I 

0 5  IO 15 20 25 30 
V I  FT/SEC 

Figure 12 

MAXIMUM PLASMA FREQUENCIES 
W / S  = 27; X =25 F T  

fp, K M C  

12 

I:[ 4 2 

0 

C L  
.60 

5 IO  15 2 0  2 5  
VI F T I S E C  

RADAR 
BANDS 

X 

C t S 
lL 

 OX 103 

Figure 13 



22 

c - - - - - 
- 

- - 

- 
- 

- - 

CONDITION 

f p = l O  KMC 

PLASMA 
- THICKNESS, FT 
- 1/3 
- 51 3 

- 

- 

I I 1 I 1  1 1 1 1  

c 

OXYGEN 
PEAK 

WATER 
VAPOR 
PEAK 

I I I 1  l l l l l  

SIGNAL FREQUENCY REQUIRED FOR CRITICAL FLIGHT 

SIGNAL 
AT TE N U AT I ON 

DB 

I O 0  

' IO 

I 

c 

I 10 I O 0  
SIGNAL FREQUENCY, KMC 

Figure 14 

NASA - Langley Field, Va L-1048 


